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ABSTRACT

In plants, the shoot apical meristem (SAM) is essential for the growth of aboveground organs. However, lit-

tle is known about its molecular responses to abiotic stresses. Here, we show that the SAM of Arabidopsis

thaliana displays an autonomous heat-stress (HS)memory of a previous non-lethal HS, allowing the SAM to

regain growth after exposure to an otherwise lethal HS several days later. Using RNA sequencing, we iden-

tified genes participating in establishing the SAM’s HS transcriptional memory, including the stem cell (SC)

regulators CLAVATA1 (CLV1) and CLV3, HEAT SHOCK PROTEIN 17.6A (HSP17.6A), and the primary carbo-

hydrate metabolism gene FRUCTOSE-BISPHOSPHATE ALDOLASE 6 (FBA6). We demonstrate that sugar

availability is essential for survival of plants at high temperature. HEAT SHOCK TRANSCRIPTION FACTOR

A2 (HSFA2A) directly regulates the expression of HSP17.6A and FBA6 by binding to the heat-shock ele-

ments in their promoters, indicating that HSFA2 is required for transcriptional activation of SAM memory

genes. Collectively, these findings indicate that plants have evolved a sophisticated protectionmechanism

to maintain SCs and, hence, their capacity to re-initiate shoot growth after stress release.
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INTRODUCTION

The shoot apical meristem (SAM) containing stem cells (SCs) is

essential for aboveground growth of plants (Bowman and Eshed,

2000). The SCs have self-maintaining and self-renewal capacities

allowing plants to develop new organs throughout their lifespan

(Groß-Hardt and Laux, 2003). SC homeostasis is maintained by a

negative feedback loop involving CLAVATA1 (CLV1), CLV3, and

WUSCHEL (WUS). The WUS transcription factor induces CLV3

expression, while CLV3 interacts with the receptor-like kinase

CLV1, thereby suppressingWUS expression and hence SC prolif-

eration (Clark, 2001). Perturbation of theWUS–CLVmodule affects

the plant’s architectural organization (Bowman and Eshed, 2000).

As SAM cells lack functional chloroplasts, they cannot

photosynthesize and thus depend on the sugar supply from

photosynthetically active organs like cotyledons and leaves

(Fleming, 2006). Given its essential importance for shoot growth,
Mo
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the SAM is presumably fortified in particular ways against

environmental stresses the plant may encounter; however,

knowledge about the responses of the SAM and SCs to

environmental stresses, and how their functions are maintained

under adverse environmental conditions, is limited. Recent

studies in Arabidopsis thaliana (Arabidopsis) have shown that the

SAM can sense and adaptatively respond to changing soil nitrate

levels (Olas et al., 2019b) and carbon depletion (Lauxmann et al.,

2016) to maintain shoot growth.

In addition to a cellular machinery enabling acute responses to

stress (Kreps et al., 2002; Rasmussen et al., 2013), plants exploit a

sophisticated and little understood stress-memory mechanism,
lecular Plant 14, 1–17, September 6 2021 ª The Author 2021.
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:olas@uni-potsdam.de
mailto:bmr@uni-potsdam.de
https://doi.org/10.1016/j.molp.2021.05.024
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Growth and development of thermoprimed Col-0 seedlings under neutral-day (ND) and long-day (LD) conditions fully
recover after the treatment.
(A) Schematic representation of the experimental setup. Five-day-old seedlings grown in MS medium with 1% sucrose were subjected to a moderate

priming HS at 6 h after dawn, followed by a 3-day memory/recovery phase, and then subjected to a second triggering HS at 9 h after dawn. One day after

triggering (DAT), seedlings were transferred to soil to monitor growth and development. Samples were taken at different time points for RNA-seq analysis

or RNA in situ hybridization. Time is given in hours (h) or days after priming (DAP; black) and triggering (DAT; gray) treatments.

(B–F) (B and C) Images of Col-0 plants during and after priming (DAP) and triggering (DAT) treatments. Arrowheads in (B) indicate lethal triggered (T)

plants. Images in (B) and (C) were used for measuring growth behavior after treatment under ND (D–F) or LD (G) conditions, respectively. (D) Increase in

(legend continued on next page)
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which allows them to survive an otherwise severe stress if ‘‘primed’’

(or prepared) days before by amoderate stress. The stressmemory

stores information about the previous stress during a ‘‘memory’’

phase to allow plants to successfully combat a subsequent,

potentially more severe (triggering) stress event (Stief et al., 2014;

Hilker et al., 2016; Sedaghatmehr et al., 2016). One type of cellular

memory of a previous stress is transcriptional memory, which

includes: (i) genes whose expression is changed by the first stress,

whereby the change largely continues during the memory phase,

and (ii) genes that show hyperinduction (or hyperrepression) upon

a recurrent stress, allowing them to respond faster and/or more

strongly to the second stress (B€aurle and Trindade, 2020). One of

the best documented memory phenomena is cold acclimation,

which involves coordinated transcriptional, metabolic, and

physiological responses to sub-optimal temperatures that increase

the plants’ resistance to subsequent colder temperatures

(Stockinger et al., 1997; Jaglo-Ottosen et al., 1998). Such a

mechanism has clear adaptive value in continually fluctuating

environments; a cold day is more likely to be followed by another

cold day (or even colder day) than a warm day. Molecular

mechanisms involved in cold-stress memory are well understood,

and recently some progress has been made in unraveling

transcriptional memory of heat stress (HS) in whole Arabidopsis

seedlings (Hilker et al., 2016; Sedaghatmehr et al., 2016).

HS is amajor abiotic factor that dramatically limits plant growth and

yield (Bj€orkman and Pearson, 1998). It induces, among others, the

expression of genes of diverse HEAT SHOCK PROTEINs (HSPs),

which act as chaperones to facilitate proper protein folding and

function (Park and Seo, 2015). Production of HSPs is an energy-

costlyprocesscontrolledbyHEATSTRESSTRANSCRIPTIONFAC-

TORs (HSFs) (Nover et al., 2001). In Arabidopsis, the 21 HSFs are

grouped into classes A, B, and C, based on structural signatures

(Nover et al., 2001). While class A HSFs positively regulate HS

responses, class B HSFs act as repressors (Ikeda et al., 2011).

HSFs bind to heat shock elements (HSEs; with a conserved 50-
nGAAnnTTCn-30 sequence) in target promoters (Nover et al.,

2001). To our knowledge, only HSFA2 and HSFA1a, b, and d have

so far been implicated to be functionally involved in HS memory,

while HSFA1e shows a memory-dependent expression pattern

(Charng et al., 2007; Liu et al., 2011, 2018; L€amke et al., 2016;

Sharma et al., 2019). The hsfa2 mutant is defective in

thermomemory, and HSFA2 protein is required for the

maintenance of high expression of several HS-memory-related

genes, but not for their initial induction (Charng et al., 2007; L€amke

et al., 2016).

In summary, the SAM is essential for shoot growth (Olas et al.,

2019a), and thermoprimed plants grow after an otherwise lethal

HS (Stief et al., 2014; Sedaghatmehr et al., 2016); however, the
total plant 3D area over time of control (C), primed (P), and primed and trigger

seedlings could not bemonitored (N.A.) due tomortality of the plants. (E and F)

and PT plants analyzed after the thermopriming treatment during day, during n

shown in (D). Note that RER of T plants could not be analyzed (N.A.) due to m

(G) Leaf initiation rate of Col-0 plants grown under LD conditions (n > 10). Them

indicates lack of formation of new leaves at the stem.

(H) Flowering time based on days to bolting under LD conditions (n = 20).

(I) RNA in situ hybridization using a LEAFY antisense probe on longitudinal se

indicate meristem summit. Error bars indicate SD; asterisks indicate a statistic

conditions (D–H). Scale bar, 100 mm (I). See also Supplemental Figure 1 and
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underlying mechanisms are unknown. Here, we show that the

SAM can generate a strong autonomous HS transcriptional

memory with primary carbohydrate metabolism, protein folding,

and meristem maintenance genes acting as HS memory

components. We demonstrate that priming promotes meristem

maintenance under conditions of HS that are lethal otherwise.

Moreover, we show that sugar availability is a crucial factor for

SAM thermomemory. Finally, we demonstrate that HSFA2 is an

important transcriptional regulator of thermomemory directly

regulating the expression of HS memory genes in the SAM.

RESULTS

Thermoprimed plants fully recover shoot growth after a
second heat stress

Since the SAM is responsible for overall shoot growth, we inves-

tigated how thermopriming affects plant growth and develop-

ment under both long-day (LD; 16 h light/8 h dark) and

neutral-day (ND; 12 h light/12 h dark) photoperiods. We sub-

jected 5-day-old Col-0 seedlings to an established thermome-

mory assay (Figure 1A) (Stief et al., 2014). Primed/triggered

(PT) plants remained green and continued to grow in both

photoperiods (Figure 1B and C), as previously reported. In

contrast, unprimed seedlings subjected solely to the HS

trigger (T seedlings) collapsed and died (Figure 1B and C).

Analysis of growth behavior, using 3D time-lapse imaging

(Figure 1D–1F; Supplemental Figure 1A and B) (Apelt et al.,

2015, 2017), revealed that the rosette area of control (C) and

moderate heat-primed (P) plants not exposed to a triggering

HS exponentially increased between 4 and 16 days after priming

(DAP; 1–13 days after triggering, DAT). However, PT plants grew

slower for the first few days after triggering (Figure 1D). These

observations confirmed the importance of priming for

Arabidopsis plants to survive a subsequent triggering stimulus.

Importantly, however, C plants had significantly larger (four-

fold, P % 0.001) rosette areas than PT plants at the end of the

imaging period, indicating that the PT treatment caused an

approximately 1-week delay in growth (Figure 1D). The relative

rosette expansion growth rate was significantly reduced in PT

plants for several days after the triggering, but gradually

recovered to C plant levels starting from 7 DAP (4 DAT)

(Figure 1E and 1F), indicating that their lower rosette area at

the end of the experiment was due to growth inhibition

immediately after the triggering and that growth rate gradually

recovered a few days later.

PT plants may develop a smaller rosette area than C plants

because of a reduced leaf initiation rate (LIR). We monitored the

new leaf emergence of Col-0 seedlings subjected to thermoprim-

ing in LD (Figure 1G) and ND (Supplemental Figure 1C)
ed (PT) plants (n R 6 for each condition). Note that 3D area over time of T

Comparison ofmean relative expansion growth rate (RER,%per h) of C, P,

ight, and in total for 4–7 or 7–16 DAP. The data are calculated from the plot

ortality of the plants.

emory/recovery phase ismarked in blue. The arrowhead in the plant image

ctions through apices of C, P, and PT plants under LD conditions. Stars

ally significant difference (Student’s t-test: ***P % 0.001) from the control

Supplemental Table 1.
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Figure 2. Identification of thermomemory-
associated genes in the shoot apex.
(A) Clustering of the relationship between meri-

stem samples of control (C), primed (P; triangles),

primed and triggered (PT; diamonds), and trig-

gered (T; squares) plants during the thermome-

mory treatment by principal-component (PC)

analysis forming three groups.(B) Total number of

differentially expressed genes (DEGs) between

the samples at different time points (in the bars are

the numbers of up- (red) or downregulated (blue)

genes; for details, see the methods).(C) Venn di-

agram of DEGs at 4 and 8 h after priming and 6 h

after triggering compared with the control. The

overlap represents memory genes at the SAM of

Col-0 plants during thermopriming.(D and E)

Profiles of consistently upregulated (D) and

consistently downregulated (E) genes at 4, 8, and

78 h (6 h after triggering) after priming compared

with control plants. Profiles were calculated by

subtracting the normalized expression values of

untreated control plants from the normalized

expression values of P or PT plants. The bold red

line represents the average profile. The vertical

dashed line represents the time point of triggering

(T) treatment. Time is given in hours after priming

(black color) and triggering (gray color) treat-

ments. Note that the SAM of only-T plants is hy-

persensitive to HS, leading to death shortly after

triggering; therefore, a transcriptomic comparison

between PT and T plants (alive versus dead tissue)

was not performed. See also Supplemental

Figures 2 and 3, Supplemental Data 1.
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photoperiods. Indeed, we found that LIR was affected in PT

plants in both light regimes (Figure 1G; Supplemental

Figure 1C). Long-term analysis of new leaf appearance showed

a strong effect of triggering HS on leaf number in PT plants

(Supplemental Figure 1C). However, more importantly, after a

short delay following the triggering event, LIR was resumed in

PT plants, while it entirely ceased at �2 DAT in T plants (see

inset in Figure 1G). Importantly, LIR remained unabated in P

plants.

Since P andPT plants bolted 2 and 5 days, respectively, later than

C plants (Figure 1H, Supplemental Figure 1D; Supplemental

Table 1), we performed toluidine blue staining, and RNA in situ

hybridization using floral meristem identity gene LEAFY as a

probe (Huala and Sussex, 1992) to determine the exact time of

the floral transition (Figure 1I; Supplemental Figure 1F). On

average, P plants initiated floral transition a day later than C

plants, whereas flower formation was delayed by approximately

2 days in PT plants (Supplemental Figure 1G–1I), demonstrating

that the SAMs of C, P, and PT plants all remained in the

vegetative stage during the thermopriming. Hence, the

transcriptome changes induced by priming (see following

section) are not caused by a shift in development phase

between C and P or PT plants. In summary, P plants survived

when the triggering stimulus was applied, with only a temporary

reduction in shoot growth. In contrast, in T plants, the triggering

stress damaged the existing leaves, blocked the formation of

new leaves at the SAM, and limited further shoot development.

Thus, the priming treatment induces mechanisms that protect
4 Molecular Plant 14, 1–17, September 6 2021 ª The Author 2021.
the SAM from the growth-terminating damage observed in T

plants.
Identification of HS memory genes in the SAM

Given that transcriptome changes in the SAM are not induced by

developmental transitions (see above), and that the SAM has a

crucial role in shoot regrowth after a priming HS, we investigated

how the SAM responds to changes in HS treatments by perform-

ing RNA sequencing (RNA-seq). We manually dissected shoot

apices containing young leaf primordia from P and C plants at

selected time points after moderate heat priming (4, 8, 24, 48,

and 78 h into the recovery/memory phase), and from C, P, PT,

and T plants at 6 and 24 h after a second exposure to the trig-

gering HS, and analyzed the transcriptomes (Figure 1A;

Supplemental Data 1). Principal-component analysis revealed

that the shoot apex samples clustered into three separate

groups (Figure 2A; Supplemental Figure 2). As expected, one

group included all samples of untreated C apices. Interestingly,

this cluster also included P apices harvested 24, 48, and 78 h

after priming (P24, P48, and P78), and PT apices exposed to

both stimuli harvested 96 h after priming; thus, 24 h after

triggering (PT96), the samples were assigned to the same

group (Figure 2A). The clustering of P24, P48, P78, and PT96

together with C samples suggests that gene expression

patterns in the SAM of P and PT plants are rapidly reset (within

24 h) for most genes to C-like patterns after priming and

triggering treatments; thus, the resetting is faster in the shoot

apex than that in whole seedlings (Ling et al., 2018). The two
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other groups included P4 and P8 samples and triggered-like

(PT78, T78, and T96) samples. As expected, after the exposure

to heat priming, hundreds of geneswere significantly differentially

expressed (DE) between apices of P and C plants (Figure 2B;

Supplemental Table 2): 1175 genes at 4 h, 780 genes at 8 h,

and 203 genes at 48 h. At 78 h, no significant differences in

gene expression between shoot apex samples of P and C

plants were observed. Thus, the shoot apex of Col-0 plants

very rapidly senses temperature changes but also resets rela-

tively fast after priming to control levels.

Interestingly, we observed a faster transcriptional response of the

shoot apex after triggering in PT plants compared with plants sub-

jected to only the triggering stress. For example, 24 h after trig-

gering, the expression of only a single gene significantly differed

between PT and C samples (Figure 2B; Supplemental Table 2).

Thus, priming enables gene expression to return to C levels

within 24 h of triggering, while expression of many genes stays

high in T seedlings. For example, 6–24 h after triggering 1500–

2000 genes were significantly DE in T plants, relative to C, and T

plants subsequently died (Figure 2B; Supplemental Table 2).

We were particularly interested in identifying transcriptional HS

memory genes, which, according to the literature (B€aurle and

Trindade, 2020), are genes showing hyperresponsiveness when

exposed to the second, more severe stress (memory genes, as

defined in Supplemental Figure 3A). We considered such genes

to be of particular importance for enhancing HS tolerance and

the establishment of HS memory, since previous studies

identified only thermomemory-associated genes with sustained

up- or downregulation in whole seedlings during the memory

phase, without being necessarily DE after a triggering HS (Stief

et al., 2014; Sedaghatmehr et al., 2016).

We defined the shoot apex transcriptional HS memory genes as

genes that were expressed significantly higher or lower in apices

of P plants 4 and 8 h after the priming than in C plants, and higher

or lower 6 h after the triggering (78 h after priming; Supplemental

Figure 3A; Supplemental Data 2). Genes induced or

downregulated only by the priming HS, but not again by the

triggering HS after the 3-day recovery period, were not

regarded as memory genes but recognized as primary stress-

responsive genes (see Supplemental Data 2) (Sedaghatmehr

et al., 2016). In total, we identified 394 transcriptional HS

memory genes in the shoot apex, of which 217 were

upregulated and 177 were downregulated (Supplemental

Table 2, Supplemental Figure 3B). Furthermore, to identify high-

confidence shoot apex memory genes, we introduced a second

criterion, i.e., a fold change in gene expression of jlog2FCj > 1.

In total, 149 upregulated and 33 downregulated genes, i.e., 182

genes, met both criteria (Figure 2C–2E; Supplemental Data 2).

Next, we concentrated on the genes displaying a hyper- or

hyporesponsiveness when exposed to the second, more

severe triggering treatment (Supplemental Data 2). Here, we

found that 57 genes showed a stronger responsiveness in the

shoot apex to the second stress, of which 54 displayed

hyperinduction and 3 hyperrepression. As expected, several

HSP family members were among the 57 transcriptional HS

memory genes upregulated by the priming and triggering HS

treatments in the shoot apex. These include cytosolic

HSP17.6A, suggesting that HS-protective mechanisms are
Mo
active in the SAM. As previous HS studies did not analyze the re-

sponses inmeristematic tissues, we confirmed the RNA-seq data

by RNA in situ hybridization using an HSP17.6A-specific

probe and by qRT-PCR (Figure 3A and B). The expression of

HSP17.6A was rapidly induced at the SAM, within minutes of a

moderate priming HS, and then gradually declined. We found

that the transcript of HSP17.6A was present at the SAM,

including the young leaf primordia (Figure 3A), while it was

absent in petioles and cotyledons directly after treatment

(Supplemental Figure 4). Moreover, RNA in situ analysis

showed a hyperinduction of HSP17.6A in the SAM of PT plants

after HS triggering compared with P and T plants. We

confirmed that expression of HSP17.6A was significantly higher

at the SAM of PT than of T plants (Figure 3B). These findings

demonstrate that the differences in the degree of

responsiveness of HSP17.6A are not due to the differences in

the duration of the HS and that HSP17.6A is a bona fide

memory gene acting in the SAM. Importantly, we also identified

primary carbohydrate metabolism genes involved in sugar

metabolism (particularly glycolysis) as HS memory genes,

including FRUCTOSE BISPHOSPHATE ALDOLASE 6 (FBA6)

and PLASTIDIAL PYRUVATE KINASE 4 (PKP4) (Figure 3A;

Supplemental Figure 5; Supplemental Data 2), strongly

indicating that carbohydrate conversion is essential for the HS

memory of the SAM. To obtain information on expression

patterns at higher spatial resolution, we used FBA6 and PKP4

as probes for RNA in situ hybridization. FBA6 transcript was not

detectable in the SAM of non-stressed plants. However, its tran-

script abundance increased at 2 and 4 h after priming at the SAM

(Figure 3A). This result demonstrates differences in the temporal

dynamics between the HS memory genes responding at the

SAM; for comparison, transcripts of HSP memory genes were

already induced at 0.5 h after the priming. Moreover,

expression of FBA6 at the SAM was even more strongly and

more quickly (already within 0.5 h) induced after the triggering

HS compared with the priming stimulus. Furthermore, we

observed that the transcript of FBA6 was hyperinduced at the

SAM of PT plants compared with T plants. We confirmed the

transcriptional induction of FBA6 in the SAM of PT plants

relative to T plants by qRT-PCR (Figure 3B). Thus, FBA6 is a

bona fide SAM memory gene in vegetatively growing plants.

Similarly, we found that PKP4 displays transcriptional memory

at the SAM (Supplemental Figure 5). Importantly, none of the

primary carbohydrate metabolism genes were previously

reported to be components of the HS memory machinery.

Furthermore, among the significantly hyperdownregulated mem-

ory geneswas the SAM-specific leucine-rich-repeat receptor-like

kinase CLV1 (Figure 3A; Supplemental Table 2). RNA in situ

hybridization and qRT-PCR analyses confirmed that expression

of CLV1 was downregulated in the SAM of P plants relative to C

immediately after priming (Figure 3B). Notably, CLV1

transcription was even more downregulated in the SAM of PT

plants, revealing a clear memory pattern. Interestingly, the CLV1

expression was not detected at the SAM of T plants.

Furthermore, expression of CLV3, which encodes the CLV1-

binding peptide ligand, followed the same type of expression

pattern (Figure 3A and 3B). More importantly, both CLV1 and

CLV3 expression was fully recovered at the SAM of PT plants at

24 h after triggering compared with T seedlings (Supplemental

Figure 6A and 6B). This observation suggests that the SCs
lecular Plant 14, 1–17, September 6 2021 ª The Author 2021. 5



Figure 3. The SAM displays priming capacity and a transcriptional memory.
(A) RNA in situ hybridization using HEAT SHOCK PROTEIN 17.6A (HSP17.6A), FRUCTOSE-BISPHOSPHATE ALDOLASE 6 (FBA6), CLAVATA1 (CLV1),

and CLV3 as probes on longitudinal sections through meristems of control (C), primed (P), primed/triggered (PT), and triggered (T) plants. Stars indicate

meristem summit. Arrowheads indicate reduced transcript level of CLVs at the SAM. Scale bars, 100 mm.

(B) Expression levels ofHSP17.6A,FBA6,CLV1, and CLV3 at the SAM of C, P, PT, and T Col-0 plants during thermopriming obtained by qRT-PCR (n = 3).

Note that plants were grown in MS medium with 1% sucrose. Time is given in hours after priming (black) and triggering (gray) treatments. The vertical

dashed line represents the time point of triggering (T) treatment. Error bars indicate SD (n = 3). Asterisks indicate a statistically significant difference

(Student’s t-test: *P % 0.05; **P % 0.01; ***P % 0.001) from the control conditions or meristem summit (A). See also Supplemental Figures 4, 5, and 6.
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Figure 4. FBA6 affects the thermomemory in the SAM.
(A) Tissue-specific expression of FBA6 in 5-day-old Col-0 plants at 2 h after priming.

(B) FBA6 expression in 8-day-old control and primed/triggered Col-0 seedlings at 0.5 h after triggering treatment analyzed by qRT-PCR.

(C) Time-course expression of FBA6 in the SAM during priming treatment.

(legend continued on next page)
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directly sense theHS treatments, as genes specifically expressed

in the SCs responded to the thermopriming. Importantly, lack of

recovery of CLV expression in the SAM of T plants shows that

priming protects the SAM from the negative, growth-ceasing

impact of an otherwise lethal HS. To further examine the influence

of thermopriming on CLV3 transcription, we made use of a GFP

reporter line where GFP expression is driven by the CLV3 pro-

moter (pCLV3::GFPer), which allowed us to isolate and observe

the activity of SCs after priming and triggering treatments at a

higher cellular resolution (Supplemental Figure 6C and 6D). We

first confirmed that the observed temporal patterns of GFP

expression match that of CLV3 obtained by RNA in situ

hybridization and qRT-PCR, showing that the cells expressing

CLV3 respond to HS treatment. We found that CLV3 expression

wasweaker at the SAMof P plants comparedwith C seedlings af-

ter priming HS, and that CLV3 expression was even weaker after

triggering HS in PT plants (Supplemental Figure 6D). More

importantly, we found that SCs in plants subjected to only

triggering HS (T plants) lost the CLV3 fluorescence signal

(Supplemental Figure 6C), showing that SCs lose their integrity

after HS triggering if not primed before by a moderate HS. Thus,

we demonstrated that the SAM of T plants is hypersensitive to

HS, leading to death shortly after triggering.

Further, to confirm that HS memory genes identified in this study

are specifically expressed at the SAM, we compared the list of

the memory genes (182) with the genes that are constitutively ex-

pressed in different layers/domains of the SAM of plants grown

under non-stress conditions (Yadav et al., 2014) (Supplemental

Data 2). One hundred forty-one of the 182memory genes detected

by RNA-seq were present on the Affymetrix gene list used by

Yadav et al. (2014). We found that most (110) of the 141 HS

memory genes (i.e., 78%) overlap with those of Yadav et al.

(2014), demonstrating that those genes are SAM-specifically ex-

pressed HS memory genes. However, since the remaining 31

genes reported here as HS memory genes were not expressed

at the SAM according to Yadav et al. (2014), we selected two

genes, i.e., HSP21 and HSP22, to validate our results. RNA in

situ hybridization showed that both HSP21 and HSP22 are

expressed at the SAM upon HS and displayed the HS

transcriptional memory (Supplemental Figure 5; Supplemental

Data 2). However, both genes were not detected in control/non-

stressed SAMs. Thus, it seems that most of the memory genes

are SAM-specifically expressed, while additional ones are ex-

pressed at the SAM only upon HS. However, it cannot be ruled

out that some of the HS memory genes are also expressed more

broadly or in SAM-surrounding tissues (e.g., HSP21).

Taken together, our data suggest that primary carbohydrate

metabolism and meristem maintenance genes, as well as genes
(D)Heatmap showing the log2 fold change (log2 FC) of the expression of all eigh

at 4 and 8 h after priming and 6 h after triggering compared with the control.

(E) Expression patterns of all identified FBAs in the SAM under non-stress co

(F) RNA in situ hybridization using FBA8 and FBA6 as probes on longitudinal s

treatment. Stars indicate meristem summit. Scale bar, 100 mm.

(G) Tissue-specific expression of FBA8 in 8-day-old control and primed/trigg

PCR.

(H)Growth recovery phenotype of Col-0, fba6, and fba8 seedlings grown on M

and triggering (DAT) treatments. Error bars indicate SD (n = 3). Asterisks indicat

***P % 0.001) from the control conditions. See also Supplemental Figures 8 a
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involved in protein folding and repair, are expressed at the SAM,

and play an important role in SAM thermomemory. Since most of

the HS memory genes identified at the SAM were not involved in

developmental processes (apart from CLVs), we generated clus-

ter heat maps of DE genes involved in ‘‘flowering time,’’ ‘‘flower

organ development,’’ and ‘‘leaf morphogenesis’’ categories

(Supplemental Figure 7) to better understand the response of

those genes to thermomemory. We found that the majority of

the genes respond only to triggering HS, while several genes

show an HS memory pattern, e.g., FLOR1 (Supplemental

Figure 7, Supplemental Data 2).

Last, we searched for commonalities in gene responses between

the shoot apex and two previously reported studies of whole seed-

lings at a time point available for all three datasets (4 h after prim-

ing, obtained in identical priming setups; Supplemental Figure 8A)

(Stief et al., 2014; Sedaghatmehr et al., 2016). First, we searched

for genes up- or downregulated at 4 h after priming compared

with control by applying the same conservative cutoff to all three

datasets (jlog2FCj > 2). In this way, 2521 genes were DE in at

least one of the three datasets. Importantly, at 4 h after priming,

the shoot apex shared only 119 (of 364) and 295 (of 1316) DE

genes with whole seedlings (Stief et al., 2014; Sedaghatmehr

et al., 2016). The intersection of all three datasets at that time

point included only the small number of 100 genes. Thus, the

majority of the transcripts altered only in the shoot apex (1045 of

1359 genes), including FBA6, are likely involved in generating the

shoot apex HS memory. We next established a heatmap to

present the expression levels of the 2521 genes regulated at 4 h

after priming considering time points common to all three

datasets, i.e., early (4 h) and late (48/52 h) after priming.

Importantly, many of the genes up- or downregulated in the

shoot apex were not, or if at all only marginally, affected in whole

seedlings (Supplemental Figure 8B). These clear differences in

gene expression during thermopriming suggest a tissue-

dependent control (the SAM versus leaves) in the regulation of

HS memory in plants.
FBA6 acts as a thermomemory factor in the SAM

Our analysis (Figures 3 and 4) had revealed that FBA6 is likely

involved in generating HS memory in the SAM. We, therefore,

tested whether FBA6 is a SAM-specific HS memory gene.

Tissue-specific localization of FBA6 expression at 2 h after prim-

ing revealed that the FBA6 transcript was elevated, in addition to

the SAM and young leaf primordia, in the root tip and root

primordia, but not in cotyledons, the hypocotyl, or the main root

(Figure 4A). This result suggested that FBA6 specifically

generates an HS memory in meristematic, but not other,

tissues. qRT-PCR analysis confirmed that FBA6 expression
t FBA upregulated (red) or downregulated (blue) genes in Col-0 shoot apex

nditions.

ections through meristems of Col-0 wild-type plants during thermopriming

ered Col-0 seedlings at 0.5 h after triggering treatment, analyzed by qRT-

S medium with 1% sucrose under long-day conditions after priming (DAP)

e statistically significant difference (Student’s t-test: *P% 0.05; **P% 0.01;

nd 9.



Figure 5. The thermomemory in the SAM is dependent on sugar availability.
(A)Clustered heatmap of differentially expressed upregulated (red) and downregulated (blue) genes of the "carbohydrate metabolism" category based on

level 1 MapMan4 of control (C), primed (P), primed/triggered (PT), and triggered (T) shoot apex samples. Note that the 6- and 24-h time points after

triggering in PT and T plants correspond to 78 and 96 h after priming in C and P plants. The color scale represents Z-score values.

(B) Soluble sugars and starch content in seedlings during thermopriming. Note that plants were grown in MS medium with 1% sucrose.

(legend continued on next page)
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was predominantly induced by HS at the SAM and the root apex

(Figure 4B). This demonstrates that HS memory in the non-

photosynthetic meristems differs from that in cotyledons.

Furthermore, we investigated the exact timing of FBA6 transcrip-

tional activation at the SAM. RNA in situ hybridization revealed

that FBA6 transcript was induced at the SAM approximately 1 h

after the priming treatment (Figure 4C), and therefore clearly

later than the transcript of HSP17.6A in the same organ (see

Figure 3).

The Arabidopsis genome encodes eight aldolases (FBA1–8).

While the FBA1–3 enzymes are plastid localized and active in

photosynthetic cells, FBA4–8 are cytosol localized and involved

in gluconeogenesis and glycolytic carbohydrate degradation

(Lu et al., 2012). Analysis of the shoot apex RNA-seq data

(Figure 4D) revealed that only the expression of FBA6

significantly increased during the PT treatment. Furthermore,

RNA in situ hybridization revealed that FBA1, 2, 3, and 8 are

constitutively operative at the SAM of control/untreated plants,

with FBA8 showing the highest expression (Figure 4E),

suggesting that FBA8 is the major aldolase isoform active at the

SAM. We, therefore, analyzed the expression of FBA8 during

thermopriming (Figure 4F) and found a transient downregulation

of FBA8 transcript abundance at the SAM after PT treatment.

Importantly, the downregulation of FBA8 at the SAM following

HS was countered by an induction of FBA6 (Figure 4F),

demonstrating that FBA8 and FBA6 are oppositely regulated in

an HS-dependent manner in this organ. We also found that sup-

pression of FBA8 by HS was considerably more pronounced in

the SAM and the root apex than in whole seedlings and cotyle-

dons (Figure 4G), supporting our finding that HS memory at the

SAM is achieved different from memory in other organs.

We next subjected fba6 and fba8 knockout and Col-0 wild-type

seedlings to the thermomemory treatment (Figure 4H;

Supplemental Figure 9B). While growth was similar in fba6 and

Col-0 plants during and after priming, the growth of fba8 mutant

seedlings seemed to be less than wild type after priming.

Both fba6 and fba8 mutants were more sensitive to HS than

Col-0 when subjected to a triggering HS. After PT treatment,

both mutants showed weaker recovery than PT Col-0 seedlings

(Figure 4H). Moreover, PT fba6 mutants showed a reduced

fresh weight and total rosette area (Supplemental Figure 9C

and 9D), analyzed using high-resolution 3D phenotyping, within

the time frame (LD; 1–5 DAT), demonstrating that aldolases are

essential components of SAM thermomemory. Last, the impor-

tant role of FBA6 in thermomemory in the SAMwas corroborated

by the transcriptional response of the downstreammemory factor

HSP17.6A (Supplemental Figure 9E). We found that the

HSP17.6A transcript level was strongly compromised at the
(C) Thermopriming assay with Col-0 seedlings with or without cotyledons grow

detached before the priming treatment. Images were taken 10 days after prim

(D and E) (D) Number of visible leaves and (E) rosette area in C, P, and PT see

medium analyzed at 7 DAT.

(F) Expression patterns of HSmemory geneHEAT SHOCK PROTEIN 17.6A (H

through meristems of Col-0 wild-type plants grown on sucrose, glucose, man

(G) Transcript analysis of selected HSmemory genes at the SAM of Col-0 plant

Time is given in hours after priming (black) and triggering (gray) treatments.

treatment. Error bars indicate SD (n = 3). Asterisks indicate statistically signific

control conditions. See Supplemental Figure 10.
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SAM of the PT fba6mutant compared with Col-0 plants, demon-

strating that HSmemory at the SAM strongly depends on primary

carbohydrate metabolism genes.

In summary, the combined observations provide evidence that

primary carbohydrate metabolism plays a crucial role inmaintain-

ing HS memory in the Arabidopsis SAM.
Sugar availability at the SAM is essential for HS memory

The finding that primary carbohydrate metabolism genes are

strongly induced in the photosynthetically inactive SAM after HS

treatment, and the fact that fructose-bisphosphate aldolases

(FBAs) are key glycolytic enzymes participating in the breakdown

of sugars to generate carbon skeletons and ATP for anabolic pro-

cesses (Plaxton, 1996), prompted us to testwhether carbohydrate

metabolism is altered duringHS. First, we generated a heatmap to

display differences in the expression level of carbohydrate

metabolism genes of plants subjected to PT treatments

(Figure 5A). Notable differences were observed between C, P,

PT, and T plants. In particular, genes involved in plastidial

glycolysis and starch and sucrose metabolism were upregulated

after the triggering HS, suggesting that carbohydrate

metabolism plays an essential role in survival during temperature

stress. To better understand the metabolic differences between

the different treatments we subjected C-, P-, PT-, and T-treated

plants to iodine staining to assess their starch content after

priming and triggering. We found that immediately after priming,

starch content declined in P plants compared with C plants

(Supplemental Figure 10A). Interestingly, by 3 DAP, P plants had

a higher starch content, indicating that more starch accumulated

during the memory phase than in C plants. After triggering,

starch content was high in Col-0 PT plants, but low in Col-0 plants

subjected to only the triggering HS (T plants).

Next, we measured the levels of soluble sugars and starch after

priming and triggering in whole seedlings of Col-0 (Figure 5B).

Confirming the results of the iodine staining and supporting the

model that sugars are important for establishing thermomemory,

we observed a transient decrease in starch and soluble sugar

levels in P seedlings directly after priming, compared with C,

suggesting that carbon consumption is increased in Col-0 plants

after the priming HS. Notably, the metabolite levels in P seedlings

recovered after 3 days (72 and 78 h after priming) and exceeded

significantly those of C seedlings. Furthermore, the levels of those

metabolites were even higher in PT than in C plants 0.5 and 6 h af-

ter triggering, demonstrating that carbohydrate metabolism in

seedlings responded differently to the second HS than to the first

priming HS. Moreover, increased sugar and starch levels were

observed only in PT plants, while the levels of these metabolites
n on MS medium with 1% sucrose or without. Note that cotyledons were

ing (DAP; 7 DAT). Arrowheads indicate removed cotyledons.

dlings with detached cotyledons grown with or without 1% sucrose in the

SP17.6A), determined by RNA in situ hybridization on longitudinal sections

nitol, and no-sugar media, with or without cotyledons.

s grownwith or without 1% sucrose in themedium, analyzed by qRT-PCR.

The vertical dashed line in (B) represents the time point of triggering (T)

ant difference (Student’s t test: *P% 0.05; **P% 0.01; ***P% 0.001) from



Figure 6. HSFA2 is required, but not sufficient, for full transcriptional memory in the shoot apex.
(A) Profiles of consistently heat-upregulated HEAT SHOCK TRANSCRIPTION FACTORs (HSFs) at the SAM of Col-0 seedlings at 4, 8, and 78 h (6 h after

triggering) after priming compared with control plants. The bold red line represents the average profile.

(B) Expression level of HSFA2 at the SAM of Col-0 plants during thermopriming obtained by qRT-PCR of control plants (C), primed plants (P), primed/

triggered plants (PT), and triggered plants (T) (n = 3).

(C and D) RNA in situ hybridization using transcript-specific probes for (C) HSFA2 and (D) HEAT SHOCK PROTEIN 17.6A (HSP17.6A) and FRUCTOSE

BISPHOSPATE ALDOLASE 6 (FBA6) on longitudinal sections through meristems of Col-0 and hsfa2 mutant plants. Scale bars, 100 mm.

(E and F) Relative expression levels of (E) HSP17.6A and (F) FBA6 measured at the SAM of Col-0 and hsfa2 mutant plants during thermopriming.

(G and H) Binding of HSFA2 to the promoter regions of (G) HSP17.6A and (H) FBA6 under PT conditions compared with control, determined by ChIP-

qPCR. Intergenic control region (4) is 4642 and 3261 bp downstream of the 30 UTR of FBA6 andHSP17.6A, respectively. The y axis represents the relative

(legend continued on next page)
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strongly declined in T plants, similar to P plants subjected to HS

priming. These results clearly demonstrate that thermopriming

triggers complex changes in starch and sugarmetabolism and in-

duces metabolic adjustments in those plants.

To test if establishing thermomemory requires energy, we grew

Col-0 seedlings on Murashige–Skoog (MS) medium supple-

mented with (Figure 5C; Supplemental Figure 10B) or without

(Figure 5C) 1% sucrose as a carbon source. In addition, we

grew another set of seedlings from which cotyledons were

removed before the priming treatment (Figure 5C). With or

without sucrose in the medium, PT seedlings with cotyledons

survived thermopriming and grew further when cultured

(Figure 5C). Seedlings with removed cotyledons also initiated

new leaves after priming, irrespective of the presence or

absence of sucrose in the medium (Figure 5D and 5E).

However, sucrose was required for seedlings lacking

cotyledons to initiate the formation of new leaves and increase

leaf size after the triggering HS (Figure 5D and 5E). This

observation demonstrates that plants require carbon to

establish thermomemory and restart growth after HS.

Furthermore, to investigate if the generation of HS memory at the

SAM depends on carbon, we analyzed the SAM-specific expres-

sion of the HSP17.6A memory gene at 0.5 h after priming in P

plants grownwith orwithout cotyledons onmediumsupplemented

with sucrose, glucose, or mannitol. Expression of HSP17.6A was

enhanced in plants grown with cotyledons and sucrose in the me-

dium (Figure 5F). Notably, HSP17.6A expression was much lower

in plants grown on glucose, and undetectable in plants grown on

mannitol, suggesting that a supply of external sucrose rescues

the HS memory in plants lacking cotyledons. As our data

indicate that HS memory at the SAM is triggered by sucrose

(Figure 5F), we checked the expression of several HS memory

genes, i.e., HSP17.6A, HSP21, HSP22, HSFA2, and FBA6, at the

SAM of PT seedlings grown with or without sucrose at 0.5 h after

triggering HS (Figure 5G). All memory genes were expressed at

significantly higher levels in PT seedlings grown on medium with

sucrose than in the absence of sucrose. Moreover, P seedlings

supplemented with sucrose showed elevated expression of

those genes (Supplemental Figure 10C). In the absence of HS,

transcript levels of memory genes were similar in C plants grown

with or without sucrose (Supplemental Figure 10D),

demonstrating that sucrose itself does not induce their

expression. Moreover, our data reveal that induced and

sustained expression in PT and P seedlings on sucrose is not

simply due to high basal transcript levels of those genes.

Importantly, expression of the non-memory gene HSFA1a at the

SAM of P and PT seedlings is not affected by sucrose, demon-

strating that sucrose is of specific relevance for expressional con-

trol of memory genes (Supplemental Figure 10E).

Last, since the primary metabolism-related carbohydrate genes,

including FBA6, are essential for establishing thermomemory at
enrichment compared with the input (in %) and the x axis represents the geno

each gene depicting the regions analyzed by ChIP-qPCR is included (arrow,

boxes, heat shock elements; blue line, 30 UTR). Note that plants were grown in

and triggering (gray) treatments. The vertical dashed line represents the time p

stars indicate meristem summit. In (B) and (E–H), asterisks indicate statisticall

***P % 0.001). See also Supplemental Figure 11.
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the SAM, we measured the level of soluble sugars and starch in

Col-0 and the fba6mutant after priming and triggering treatments

(Supplemental Figure 10F). We found that P, PT, and T fba6

mutant plants accumulate significantly less sugar (in particular

sucrose) compared with Col-0 plants, supporting our previous

observations that sugars are required for the growth recovery

after the triggering HS. Thus, our results clearly demonstrate

that establishing thermomemory in the SAM is a sugar-

dependent process.
HSFA2 is required, but not sufficient, for full HS
transcriptional memory in the SAM

Transcription factor HSFA2 is reportedly not involved in the tran-

scriptional activation of HS memory genes in seedlings; rather, it

functions in maintaining their enhanced expression after a prim-

ing HS (L€amke et al., 2016). To determine whether HSFA2 or

other HSFs contribute to the establishment of thermomemory in

the SAM, we analyzed the 1-kb 50-upstream regulatory regions

of heat memory genes for basic, and perfect, cis-regulatory

HSEs; these might be binding targets of HSFs (Schramm et al.,

2006) (Supplemental Table 3).

We detected basic and perfect HSEs, respectively, in the pro-

moters of 78 and 10 high-confidence HS memory genes of the

SAM (42.8% and 5.5% of the 182 genes, respectively). This is a

highly significant enrichment compared with all Arabidopsis

genes (P % 0.001, hypergeometric test), suggesting that these

genes are direct targets of SAM HSFs (Supplemental Tables 3

and 4).

Currently, knowledge of themechanisms underlying binding pref-

erences of HSFs for specific HSEs is missing; we also do not

know how many, or which, of the 21 HSFs in Arabidopsis control

thermomemory in different tissues (Liu et al., 2018). Our RNA-seq

data revealed that transcripts of 8 HSFs (HSFA1e, HSFA2,

HSFA3, HSFA7a, HSFA7b, HSFB1, HSFB2a, and HSFB2b)

were induced by priming and triggering treatments at the SAM

of Col-0 plants (Figure 6A, Supplemental Figure 11). Moreover,

several HSFs, including HSFA2, showed a hyperinduction after

the second, more severe triggering HS, suggesting that HSFA2

might be involved in HS transcriptional memory at the SAM.

We confirmed transcriptional induction of HSFA2 expression in

the SAM of Col-0 seedlings by qRT-PCR and RNA in situ hybrid-

ization (Figure 6B and 6C). We found that the abundance of the

HSFA2 transcript was significantly higher at the SAM of PT

plants than of T plants, confirming memory pattern. Next, we

investigated whether the expression of memory genes in the

SAM requires HSFA2. We performed RNA in situ hybridization

on an hsfa2 knockout mutant, using probes for HSP17.6A and

FBA6 memory genes. Expression of HSP17.6A was much

weaker in hsfa2 than in Col-0 wild-type SAMs and, more impor-

tantly, there was no detectable induction of the carbohydrate
mic regions depicted in the schematics. The schematic representation of

transcription start site; yellow line, promoter; black boxes, exons; orange

MS medium with 1% sucrose. Time is given in hours after priming (black)

oint of triggering (T) treatment. Error bars indicate SD (n = 3). In (C) and (D),

y significant difference from Col-0 (Student’s t test: *P% 0.05; **P% 0.01;
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metabolism gene (Figure 6D). Furthermore, expression of

HSP17.6A in the SAM 0.5 h after the priming was weaker than in

controls, but not absent in hsfa2 mutant seedlings, suggesting

that HSFA2 is required but is not sufficient for full transcriptional

memory in this organ (Figure 6D). Analysis of the HSP17.6A

and FBA6 promoters using the PlantPAN tool

(plantpan.itps.ncku.edu.tw) identified putative HSEs (Figure 6).

We then investigated the interaction between HSFA2 and FBA6

and HSP17.6A promoters by chromatin immunoprecipitation

(ChIP)-qPCR in PT seedlings at 72 h after priming/0.5 h after

triggering treatment. Binding of HSFA2 was highly enriched in

the HSE regions of both target genes, demonstrating that

HSFA2 directly regulates the expression of HSP17.6A and FBA6

during thermopriming.

These findings demonstrate that in the SAM, HSFA2 is required

for an initial transcriptional activation of SAM’s memory genes,

including primary carbohydrate metabolism-related genes. This

is in contrast to previous reports on whole seedlings, which

showed that HSFA2 is not involved in the initial transcriptional

activation of target genes after priming and required only for

maintaining their elevated expression (Charng et al., 2007;

L€amke et al., 2016). This observation is consistent with our

finding that seven other HSFs apart from HSFA2 are induced in

the SAM during the thermomemory phase.

DISCUSSION

New aboveground organs in plants are initiated by the SAM (Bar

and Ori, 2014); surprisingly, however, responses to stress at the

SAM have rarely been investigated. Our results provide two

lines of compelling evidence that the SAM directly responds to

high-temperature stress. First, LIR (themain developmental read-

out of the vegetative SAM) was completely blocked in T plants,

but continued unabated in P plants, and was only delayed in PT

plants, demonstrating the importance of priming for the protec-

tion of the SAM. PT plants grew further after severe HS, gener-

ating new leaves and initiating floral transition, although growth

and development were delayed. Hence, moderate priming and

severe triggering HSs affect growth and development in amanner

different from the effect of elevated ambient temperature, which

promotes growth and induces earlier flowering in Arabidopsis

(Wigge, 2013). This observation suggests that delays in growth

and transition to flowering in PT plants are adaptive responses

that reduce risks of flowering during an excessively warm

period and thus potential losses of yield.

Second, we demonstrated that the SAM has a distinct thermo-

priming capacity and transcriptional memory and showed that

this is a carbon-dependent process. The expression of many

thermomemory genes changes in the SAM after exposure to a

priming HS, and their expression is further up- or downregulated

upon exposure to a following severe triggering stimulus. Interest-

ingly, some of the SAM’s memory genes, including variousHSPs,

were not previously shown to be expressed at the SAM (Yadav

et al., 2014), suggesting that those genes are specifically

activated at the SAM only upon an HS to provide protective

mechanisms for the meristematic tissues. Moreover, our

analyses identified several primary carbohydrate metabolism

genes, including PKP4 and FBA6, as thermomemory

components. Among all eight aldolases, only FBA6 showed
Mo
hyperinduction after HS; the transcriptional response of FBA6

to thermopriming is specific to meristematic tissues, including

the SAM. Redundancy of genes encoding primary carbohydrate

metabolism enzymes is well documented in plants. The

different isoforms may provide metabolic robustness or

flexibility in responses to environmental cues, as seen here for

HS memory. Reduced expression of FBA8 during HS at the

SAM was balanced by upregulation of FBA6 expression,

indicating that the two FBAs replace each other’s function

during the fluctuating conditions, similar to NITRATE

REDUCTASE 1 and 2 in the SAM (Olas et al., 2019c). Moreover,

cytoplasmic aldolases like FBA6 and FBA8 are essential for

gluconeogenesis and glycolysis for providing ATP and building

blocks for anabolism (Plaxton, 1996), thereby allowing the

glycolytic pathway to provide metabolic flexibility that facilitates

acclimation to environmental stresses.

Higher plants use sucrose and starch as substrates for glycol-

ysis (Plaxton, 1996); our analysis showed that the

accumulation of carbon reserves in response to

thermopriming is essential for plant survival during an HS-

triggering event. This observation was supported by the fact

that the fba6 mutant subjected to priming and triggering treat-

ments accumulated less sucrose and starch compared with

Col-0 and showed weaker growth recovery. The primary carbo-

hydrate metabolism genes such as those identified here as HS

memory genes in the SAM are well-established entry points

for many key metabolic processes, e.g., glycolysis, a central

pathway for energy production. Sugars are also essential regu-

lators of many developmental and biological processes, partic-

ularly in heterotrophic organs like the SAM, which lack func-

tional chloroplasts and, hence, photosynthesis (Fleming,

2006). Intriguingly, sugar (glucose) metabolism and the

associated provision of energy also play important roles

during stress responses in human and animal SCs (Shyh-

Chang and Ng, 2017; Corbet, 2018), suggesting a conserved

mode of action of SCs in both photosynthetic and non-

photosynthetic organisms. We showed that SCs can directly

respond to high temperature, as the meristem maintenance

genes CLV1 and CLV3 act as HS memory components. More-

over, we demonstrated that priming maintains SC activity and

protects the SAM from growth-terminating damage, which

otherwise occurs in plants exposed to acute stress.

We demonstrate a clear requirement of sucrose for establishing

thermomemory in the SAM. The expression of HSmemory genes

was higher in seedlings grown onmedium supplemented with su-

crose. Further, the removal of cotyledons before priming

impaired thermotolerance of the SAM, which was restored by

exogenous sucrose. In the presence of sucrose, PT Col-0 seed-

lings lacking cotyledons grew normally after thermopriming, while

the formation of new leaves was significantly reduced in seed-

lings grown without sucrose and cotyledons. Our observations

strongly indicate that cotyledons play an important role in ther-

momemory by providing sugars to the SAM, harboring the SC

population, of stressed plants. Cotyledons are the main photo-

synthetic sources of fixed carbon in seedlings; they provide the

energy needed for growth until the first true leaves, which origi-

nate from the SAM, emerge (Zheng et al., 2011). The lack of

cotyledons and sucrose in the medium during thermopriming

leads to growth inhibition due to carbon limitation. This
lecular Plant 14, 1–17, September 6 2021 ª The Author 2021. 13



Figure 7. A simplified model for the regula-
tion of heat-stress memory in the SAM.
Thermopriming affects sugar availability and in-

duces the expression of specificHSFs in the SAM,

including the master regulator HSFA2. HSFA2

binds to heat shock elements in the 50 upstream
regulatory regions of memory genes, including

FBA6 and HSP17.6A, at the SAM. Solid lines,

direct interactions; dashed lines, indirect in-

teractions.
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observation is in accordance with the weaker expression of the

HSP17.6A memory gene at the SAM of plants grown with

sucrose in the absence of cotyledons, compared with plants

grown with both cotyledons and sucrose. The expression

differences likely reflect the importance of a clearly established

source–sink relationship between cotyledons (or leaves) and

the SAM. In this scenario, sucrose would be more efficiently

transported from cotyledons to the SAM than from roots exposed

to sucrose in the medium. Cotyledons supply not only phloem-

mobile metabolites, but also systemic signals required for full

functionality of the SAM. Together, our results strongly suggest

that transcriptional induction ofHSPs in the SAM requires cellular

energy provided by carbon metabolic activity.

An important finding of our work is that the SAM with its SCs re-

cruits an HS response (and memory) network that in many as-

pects differs from that of whole seedlings, which mainly contain

differentiated cells. Our results clearly demonstrate that a tis-

sue- or organ-specific heat memory exists in Arabidopsis. First,

and importantly, the timing of the expression of several HSP

memory genes differs between the SAM and whole seedlings.

While memory genes in the apex are induced within minutes

and remain induced for up to 8 h, induction of such genes oc-

curs after 4–24 h in whole seedlings, and remains elevated for

up to 52 h (L€amke et al., 2016), clearly indicating that HS

responses are more rapid in the SAM than in most other

tissues. Furthermore, HSFA2, previously reported to be

required only for the maintenance of thermomemory in whole

seedlings (Charng et al., 2007; L€amke et al., 2016), is

necessary for the activation of memory genes at the SAM.

HSFA2 transcript level peaks within 30 min of priming in the

SAM and rapidly declines thereafter, whereas in whole

seedlings its expression is strongest 4 h after priming (L€amke

et al., 2016). Furthermore, the SAM of the hsfa2 mutant has

largely lost transcriptional memory. As a consequence,

expression of HSP memory genes is strongly limited shortly

after priming in the hsfa2 SAM. The probable physiological

importance of such organ-specific differences in timing and

regulation warrants attention in future research. In addition,

we showed that different sets of genes, including FBA6, are

involved in generating HS memory in the SAM. To date, only a

few of the 21 HSFs had been shown to participate in HS mem-
14 Molecular Plant 14, 1–17, September 6 2021 ª The Author 2021.
ory: HSFA1a/b/d and HSFA2 (Charng

et al., 2007; Liu et al., 2011, 2018; L€amke

et al., 2016; Sharma et al., 2019). Here,

we provide evidence that eight HSFs are

likely involved in thermomemory in the

SAM.
Interestingly, althoughmultiple HSFA1 isoforms are essential reg-

ulators of the HS response in Arabidopsis and required for

expression of HSFA2 (Liu et al., 2011), we found only HSFA1e

to be transcriptionally induced in the SAM, suggesting that

induction of HSFA2 in the SAM might be particularly dependent

on HSFA1e. Moreover, the glucose-dependent regulation of ther-

momemory in whole seedlings acts through the HSFA1a isoform

(Sharma et al., 2019), whose expression was not affected by

priming, or by priming and triggering, in the SAM. This

observation suggests that the mechanism of thermomemory

regulation in the SAM differs from that in other organs.

Our data highlight the complexity of the HS transcriptional mem-

ory in the SAM, which depends on carbon metabolism involving,

in addition to others, FBA6, and HSF pathways involving HSFA2

as an important, but not the only, transcriptional regulator

(Figure 7). The ability of the SAM and its SCs to respond to

environmental stresses and retain ‘‘memory’’ of previous non-

lethal stress has clear eco-physiological value. The unique

renewal capacity of SCs provides plants with the developmental

flexibility required to adjust their developmental processes in

response to environmental cues and to replace body parts lost

through damage caused by stresses. This plasticity is particularly

crucial for young plants that have not yet initiated axillary meri-

stems or floral transition, as their survival depends on a functional

SAM and the embedded SCs for the formation of new leaves and

flowers.

METHODS

Plant material and growth conditions

Arabidopsis seedlings (ecotype Col-0) were grown in 0.5MS agar medium

with or without 1% sucrose (w/v) under LD (16 h light/8 h darkness) or ND

(12 h light/12 h darkness) conditions at 22�Cwith photosynthetically active

radiation at 160 mmol m�2 s�1. The thermomemory protocol was per-

formed as reported (Stief et al., 2014) (see supplemental information).

Seedlings were grown in agar plates until 1 DAT (4 DAP); afterward,

plants were transferred to soil to monitor their growth and development.

The hsfa2-1 (SALK_008978) mutant was reported previously (Charng

et al., 2007). The fba6 (SAIL_882_C03) and fba8 mutants were obtained

from the Nottingham Arabidopsis Stock Centre collection, and

homozygous lines were confirmed by PCR using the primers presented

in Supplemental Table 5.
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Growth analysis

Plant 3D rosette area and relative expansion growth rate of C (n = 8), P (n =

10), PT (n = 6), and T (n = 10) Col-0 plants were analyzed using an estab-

lished 3D camera-based imaging system (Apelt et al., 2015, 2017). Briefly,

plants were continuously imaged using non-invasive near-infrared light in

a growth chamber (model E-36L; Percival Scientific), starting at 1 DAT).

Relative expansion growth rate was calculated as the increase in area

per unit of area per hour (mm2 mm�2 h�1) (Apelt et al., 2015). Under LD

conditions, the rosette area of C, P, PT, and T plants (n R 15) was

determined using the Fiji platform (Schindelin et al., 2012). The LIR was

analyzed by counting the leaves produced by plants every day at the

same time point and by dividing the total leaf number by the days to

bolting.

Flowering time analysis

Flowering timewas defined by (i) days to bolting, which is the day onwhich

the main stem had bolted to 0.5 cm, and (ii) total leaf number.

RNA extraction and RNA sequencing

Total RNA was isolated from three biological replicates, each containing

more than 60 hand-dissected SAMs, using the Qiagen RNeasy Mini Kit

(Qiagen, Hilden, Germany). Shoot apices were collected 4, 8, 24, 48,

and 78 h after the priming (P plants), fromC plants at the same time points,

and from C, P, T, and PT plants at 6 and 24 h after the triggering. The time

points 6 and 24 h after triggering correspond to 78 and 96 h after priming,

respectively. Library preparation and sequencing were performed by LGC

Genomics (Berlin, Germany); Illumina NextSeq 500 v.2 was used to

generate 75-bp single reads with an average number of R100 million

reads per sample (Supplemental Data 1). The adapter-clipped reads

were filtered for rRNA and organelle sequences using SortMeRNA (version

2.1b) (Kopylova et al., 2012). A detailed description of the RNA-seq used is

given in the supplementary information.

cDNA synthesis and qRT-PCR

The apices of Col-0 seedlings were hand-dissected at 0.5, 2, and 72 h after

priming, and at 0.5 h after triggering treatments. The time point 0.5 h after

triggering corresponds to 72 h after priming. DNA digestion and cDNA

synthesis were performed using the Turbo DNA-free DNase I kit (Ambion/

Life Technologies, Darmstadt, Germany) and SuperScript III reverse

transcriptase kit (Invitrogen/Life Technologies, Darmstadt, Germany),

respectively. The qRT-PCR measurements were performed in

triplicate using the SYBR Green-PCR Master Mix (Applied Biosystems/Life

Technologies, Darmstadt, Germany). Gene expression was normalized to

the housekeeping gene TUBULIN2 (TUB2). Expression values of analyzed

genes were presented in graphs as mRNA fold change. Fold change was

calculated by the log2-normalized DCT to the maximum value of control

treatment. The primer sequences are listed in Supplemental Table 5.

Toluidine blue staining and RNA in situ hybridization

The apices of Col-0, fba6, and hsfa2-1 plants grown under LD conditions

were harvested into formaldehyde/acetic acid/ethanol fixative solution at

different time points after the priming and triggering treatments. After har-

vesting, the apices were fixed, embedded, and sectioned using an auto-

mated tissue processor (Leica ASP200S, Leica, Wetzlar, Germany), an

embedding system (HistoCore Arcadia, Leica), and a rotary microtome

(Leica RM2255; Leica), respectively. Sections of 8 mm thickness were

placed on microscope slides and kept at 4�C until use. Each slide

contained sections through the meristems of three independent plants.

Toluidine blue staining was carried out by dewaxing the slides containing

sections through apices with Histoclear (Biozym Scientific, Hessisch Old-

endorf, Germany) and an ethanol series as described (Olas et al., 2019b).

For RNA in situ hybridization, slides with sections were processed 23with

Histoclear solution and an ethanol series (23 100% EtOH for 2 min, 95%

EtOH for 1 min, 90% EtOH for 1 min, 80% EtOH for 1 min, 60% EtOH +

0.75% NaCl for 1 min, 30% EtOH + 0.75% NaCl for 1 min, 0.75% NaCl
Mo
for 2 min, and PBS for 2min). Then the slides were incubated in proteinase

K (Roche, Mannheim, Germany) and dehydrated by processing through

an ethanol series as previously described (Olas et al., 2019b). Probes

were mixed with hybridization buffer, applied to the slides, and

hybridized overnight. Probes were generated from their cDNAs cloned

into the pGEM-T Easy vector (Promega, Madison, WI, USA; oligo

sequences in Supplemental Table 5) and synthesized using the DIG

RNA Labeling Kit (Roche). On the next day, the slides were washed and

incubated with 1% blocking reagent (Roche) in 13 tris-buffered saline

(TBS)/0.1% Triton X-100. For immunological detection, the anti-DIG anti-

body (Roche) solution, diluted 1:1250 in blocking reagent, was applied to

the slides. Afterward, the blocking reagent was washed away, and for

colorimetric detection, the NBT/BCIP stock solution (Roche), diluted

1:50 in 10% polyvinyl alcohol in TNM-50, was applied to the slides.

Then, the slides were incubated in the dark overnight and imaged.
Laser confocal microscopy

The pCLV3::GFPer reporter line was described previously (Reddy and

Meyerowitz, 2005) and imaged using a motorized Leica TSC SP8

spectral laser scanning confocal microscope operated with LAS X

software (Leica Biosystems; www.leica.com). For details please see the

supplemental information.
Iodine staining and metabolite measurements

For iodine staining, whole Col-0 and fba6 seedlings were harvested in

80%ethanol and boiled for 10min and then incubated in an iodine solution

(50% [v/v] Lugol’s solution). Excess solution was removed by washing the

seedlings in water. Soluble sugars were determined enzymatically from

ethanolic extract as described (Stitt et al., 1989), while starch was

determined using pellet material (n = 3) (Hendriks et al., 2003). For

details see the supplemental information.
ChIP-qPCR

Eight-day-old C and PT pHSFA2::HSFA2-YFP seedlings (L€amke et al.,

2016) were used for the ChIP-qPCR experiments. Per treatment, 0.8 g

(fresh weight) of seedlings was harvested within 0.5 h of priming/triggering

and cross-linked using 1% (v/v) formaldehyde under vacuum for 15 min.

Tissue was ground to a fine powder using liquid nitrogen, and ChIP was

performed using a Universal Plant ChIP-seq kit (Diagenode, Seraing,

Belgium) according to the manufacturer’s instructions. The sheared chro-

matin was immunoprecipitated using a polyclonal anti-GFP antibody (ab-

cam290) and quantified by qPCR using the primers listed in Supplemental

Table 5. The promoter regions (1 kb upstream of the transcription start

site) of FBA6 and HSP17.6A were analyzed for the presence of putative

HSFA2 binding sites (HSEs) using the online tool Plant Promoter

Analysis Navigator 3.0 (PlantPAN 3.0; http://plantpan.itps.ncku.edu.tw/

index.html).
Statistical analysis

Statistical significance was calculated using Student’s t-test: *P % 0.05;

**P % 0.01; ***P % 0.001 in the figures. The enrichment of HSE motifs in

50 regulatory regions of memory genes was calculated using the hyper-

geometric test compared with the regulatory regions of all TAIR10 anno-

tated genes using the basic HSE (50-nGAAnnTTCn-30) and perfect HSE

definition (50-GAAnnTTCnnGAA-30).
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